Characteristics and spatial variation in geomorphic processes in the Meenachil river basin in southern Western Ghats, Kerala, India, is documented by analyzing the hypsometric parameters of 49 subwatersheds of the 5 th , 4 th and 3 rd order. Hypsometric curves and parameters such as hypsometric integral (Ea), maximum concavity (Eh), coordinates (a*, h*) of the curve-slope inflection point (I), and normalized heights of the hypsometric curve at 20%, 50% and 80% of the area indicate spatial variation. The longitudinal profile of the river shows a highly disturbed region, above a flow length of 20 km and a relatively less disturbed area downstream. The hypsometric integral classifies most of the subwatersheds into mature and mature-to-old age transition while varying shapes of the hypsometric curves imply the influence of tectonic uplift. Variation of hypsometric concavity in close spatial proximity also confirms the variation in the effect of tectonic processes in the region, where the combination of fluvial and diffusive process is active and are evident from the high hypsometric head and toe measurements. Repeated occurrences of earthquakes in the region confirm the presence of ongoing tectonic activities, which have direct bearing on the geomorphic characteristics of river basin.
Introduction
Morphometric analysis, which reveals the river basin characteristics, usually lacks in-depth details of relief characteristics of the basin. However, detailed analysis of geomorphic evolution history of a drainage basin and its relation to the tectonic uplift is more important in hydrological as well as erosion studies. Comparison of area-elevation data of drainage basins provides detailed information about geomorphic evolutional history and stages of landscape development (Strahler 1952) . Critical evaluation of hypsometric (area-altitude) parameters helps to differentiate between tectonically active and inactive areas in a basin (Strahler 1952 , Willgoose and Hancock 1998 , Singh et al. 2008 , Elias 2013 , allows a ready comparison of catchments with a diverse area and can characterise the terrain which is influenced by climate, tectonics and lithology (Strahler 1952 , Hurtrez et al. 1999 , Singh 2009 ). The hypsometric integral (Ea) indicates the percentage volume of the original basin that remains unaltered and shows the trade-off between erosion and tectonics with respect to the base level erosion (Strahler 1952 , Kale and Shejwalkar 2008 , Ahmad et al. 2014 . Away from this straightforward approach which uses the hypsometric curve shape and integral to understand and classify the geomorphic evolution stage of the drainage basin, Willgoose et al. (1991) , Willgoose (1994) and Sinha-Roy (2002) proposed a detailed analysis of hypsometric curve parameters such as hypsometric head, toe, inflection point and concavity. These parameters are used to understand the geomorphic processes, the relative uplift rate of the basin and the classification of landforms. However, very few studies have utilised the characteristics of the hypsometric curve to derive holistic information about the geomorphic evolution stage of river basins (Sinha-Roy 2002 , Chattopadhyay et al. 2006 , Markose and Jayappa 2011 , Gopinath et al. 2014 , 2016 , Dash et al. 2016 ).
The Meenachil river basin in the Western Ghats of Kerala, selected for the present study, has witnessed geotectonic activities of various magnitudes possibly affecting the drainage networks and the hydrological regime (Singh et al. 2005 , Rajendran et al. 2009 ). Though the river basin has been subjected to detailed studies to understand basic morphometric characteristics, no attempt has been made to analyse the landform or geomorphic evolution of the basin, particularly using the hypsometric analysis (Vijith and Satheesh 2006, Vincy et al. 2012) . Hence, in the present study, an attempt was made to evaluate the landform characteristics of the Meenachil river basin through hypsometric characterisation, with a view to gain insight into the geomorphic evolutional history. In order to achieve the specified aim of the present research, different spatial datasets and analysis tools were used to derive the river basin's hypsometric curve attributes, and are discussed in detail in the methodology section.
Study area
The Meenachil River, originating from the western margin of the Greater Periyar Plateau (GPP), has a channel length of 78 km exhibiting highly undulating topography and drains a total area of 1,272 km 2 . This includes high altitude mountain ranges in the east (the Western Ghats), gently undulating rolling plains in the middle and vast alluvial stretch in the river mouth, where the river debouches into the Vembanad estuary (Fig. 1a) . The river basin is underlain by hard Precambrian crystalline rocks and recent alluvium. The major rocks present in the area are charnockite, pyroxene granulite, cordierite gneiss, garnet-biotite gneiss, migmatite, granite, laterite, sandstone, and clay with lignite intercalations and recent alluvium (Fig. 1b) . Among this, charnockite occupies 72% of the river basin while the other hard crystalline rocks as well as sediments and sedimentary formations cover 21% and 7%, respectively, of the river basin. Dolerite dykes, present in the central and eastern parts of the area follow the prominent direction of lineaments and of faults. The NNW-SSE oriented major fault splits the basin into two, and the region in close proximity to the fault experiences repeated seismic events of magnitude < 5M. The subaerial relief of the basin ranges between < 3m to > 1,200m above the mean sea level. The physiographic classification divides the river basin into lowland (< 8 m), midland (8-75 m) and highland (> 75m). The lowland occupies 11% of the total river basin, whereas the midland and highland cover 57% and 32% of the river basin, respectively. Geomorphology of the region is very complex, varying from the plateau (Peermedu plateau) in the east to the alluvial plains in the western margin. The relative relief of the basin ranges from 2 to 762 m/km 2 with high drainage density of 5,703 m/km 2 . The Meenachil river basin receives an annual average rainfall > 3,000 mm and the river has a total annual yield of 2,349 million cm 3 .
Materials and methods
Assessment of terrain evolution through characterisation of watershed has attained more importance in recent time through a wide application of Geographical Information System (GIS) and Digital Elevation Model (DEM) data. In order to characterise the geomorphic evolution of the Meenachil river basin, moderate resolution Shuttle Radar Topographic Mission (SRTM) digital elevation data, available on the USGS website (http://earthexplorer.usgs.gov/), were downloaded and processed. SRTM data with 30-m ground resolution offer better accuracy with very few voids and artefacts. DEM downloaded for the present study (b) (a)
Fig. 1
Map showing (a) study area location and (b) geology of the river basin with earthquake epicentres also contains very few voids and is filled by a running void filling tool available in ArcGIS software. Using the void-fill processed DEM in ArcHydro extension, watershed and drainage networks were derived. Drainage networks derived are ordered, based on the Strahler's (1952) system, and the river basin is further divided into 49 subwatersheds of various orders (Fig. 2 ). Among these, 9 are 5 th order, 27 are 4 th order and 13 subwatersheds come under 3 rd order. Before proceeding to the subwatershed-based detailed analysis, a longitudinal profile of the major river was generated by sampling the elevation at a unique distance of 250 m from its origin, in order to identify and understand the geomorphic evolution and geological processes operating in the basin. The digital elevation model data were subsetted using the subwatershed boundaries and were taken to the SAGA 2.1.2 software for the generation of a hypsometric table for further analysis and interpretation. The normalised area-elevation (hypsometric) table, thus derived, was used to generate the hypsometric curve and the hypsometric integral (area under the hypsometric curve) using the statistical software GraphPad Prism 5. The hypsometric curve was characterised through the methodology proposed by Sinha-Roy (2002) and basic parameters shown in Figure 3 were generated. Parameters derived from hypsometric curves are hypsometric integral (Ea), maximum concavity (Eh), coordinates (a*, h*) of the curve-slope inflection point (I) and normalised heights of the Fig. 3 Hypothetical hypsometric curve used to derive hypsometric parameters (modified after Sinha-Roy, 2002) hypsometric curve at 20%, 50% and 80% of the area (h (0.2), (0.5), (0.8)).
Morphometric parameters related to erosion and terrain evolution, such as drainage density (D d ), relative relief (R r ) and dissection index (DI) of each subwatershed, were calculated to assist the interpretation of terrain evolution through hypsometric characterisation. Drainage density is calculated by dividing the total length of drainages by the subwatershed area (Horton 1945 ) and the relative relief was assessed by dividing the maximum basin relief (H) with the perimeter of the basin (L b ) (Melton 1957) . The dissection index (DI) of an individual subwatershed was calculated based on the methodology proposed by Nir (1957) by dividing the relative relief (R r ) with the absolute relief of the basin (A r ). The absolute relief (A r ) of each subwatershed was calculated by measuring the maximum height of the subwatershed from DEM.
Results
The longitudinal profile of the Meenachil River was generated using the elevation points, sampled at the unique distance shown in Figure 4 . The elevation-distance graph shows variable characteristics of profiles at a different flow distance from its origin point. In general, the high elevated upper catchment region shows convexity in the channel profile, followed by concavity and then smooth graded nature. The results of all the morphometric and hypsometric parameters derived are shown in Table 1 and are discussed in detail below. The subwatersheds of the Meenachil river basin consist of 5 th , 4 th and 3 rd orders having a different dimension and relief. The area of the 5 th order subwatersheds ranges from 17 to 68 km 2 , which is found to be occurring more in the upper catchment region than the middle and lower reach of the river basin. The 4 th order subwatersheds, having the area between 4 to 30 km 2 , are spatially distributed in the river basin. At the same time, the 3 rd order subwatersheds show minimal distribution in upper and middle reaches of the basin with the area ranging from 2 to 7 km 2 . The shape of subwatersheds varies from circular/ semi-circular to elongate, irrespective of the location of subwatersheds. Morphometric parameters such as drainage density (D d ), relative relief (R r ), and dissection index (DI) show variation among the same order of subwatersheds. Drainage density of the 5 th order subwatersheds ranges from 1.9 to 2.7 km/km 2 , whereas that of the 4 th and the 3 rd order subwatersheds varies between 1.8 to 3 km/km 2 and 2.2 to 3.7 m/km 2 , respectively. The relative relief of the subwatersheds shows a larger difference in all subwatersheds irrespective of its order and size and varies between 0.45 to 3.7, 0.3 to 3.7 and 0.4 to 3.1, respectively, for the 5 th , the 4 th and the 3 rd order subwatersheds. The dissection index (DI) of the subwatersheds varies widely from the 5 th to the 3 rd order. The dissection index assessed for the 5 th order subwatersheds ranges from 0.18 to 0.44, whereas the 4 th and the 3 rd order subwatersheds show higher values, such as 0.82 and 1.22, respectively, within the range of 0.28 to 0.85 and 0.71 to 1.22. The varying values of drainage density, the relative relief and the dissection index are closely related to lithology.
The hypsometric curve and the integral (Ea), generated for the subwatersheds, show different (shape) characteristics with a varying range of hypsometric integrals. While comparing with standard hypsometric curves proposed by Strahler (1956) , the hypsometric curves of different orders of the subwatersheds show concave as well as convex shapes (Fig. 5) . Among the 5 th order subwatersheds, LS1-5, RS3-5 and RS4-5 are concave in shape, whereas all others are convex. At the same time, the subwatersheds that are concave in nature possess low Ea (< 0.25). The subwatersheds show convexity and the Ea ranges from 0.27 to 0.37. In the case of twenty-seven 4 th order subwatersheds, the Ea ranges from 0.14 to 0.49. Among this, 12 subwatersheds show Ea < 0.30 with a concave curve and the remaining 15 subwatersheds have Ea > 0.30 and show concave-convex curves. A similar trend was also noted in the 3 rd order group of the subwatersheds. Among this, 6 subwatersheds possess Ea < 0.30 with concave curves Landform models developed based on hypsometric curve shapes (modified after Troeh, 1965, and Sinha-Roy, 2002) and all others show variable convexity with Ea > 0.30.
The landform evolution model proposed by Troeh (1965) and widely discussed by Willgoose et al. (1991) and Willgoose (1994) categorises subwatersheds into 2 distinct types, i. e. Type-I and Type-IV, based on the shape of the hypsometric curve (Fig. 6) . The shape of the hypsometric curve reflects the dominant landform process operated in the study area. Subwatersheds having hypsometric curves resembling to Type-I standard curve indicate the dominance of fluvial processes whereas those with Type-IV characteristics suggest the earlier stages of fluvial processes and later episodes of diffusive processes in the lower catchment region or mass accumulation in the downstream, which caused an increase of elevation in the catchment mouth. Among the 49 subwatersheds, 29 subwatersheds come under Type-I and the remaining 20 fall in Type-IV class. Five of the 5 th order subwatersheds show Type-I curve characteristics while the remaining ones show Type-IV characteristics. In the case of the 4 th order subwatersheds, 14 show Type-I and 12 show Type-IV curve characteristics. At the same time, the majority (9 subwatersheds) of the 3 rd order subwatersheds are Type-I class and only 4 subwatersheds show Type-IV curve characteristics (Fig. 7) . 
Discussion
The longitudinal profile of the stream is the transient expression of fluvial processes, reflecting geological influences such as available relief, tectonic history, base level change, process of erosion, deposition and of the distribution of outcrops of different lithology (Horton 1945 , Strahler 1952 , Gardner 1983 , Trevisani et al. 2010 , Castillo 2017 . The longitudinal profile of the Meenachil River shows steep slopes with a convex profile and intermittent flat segments up to a flow distance of 20 km from its origin. The variation in the general trend is marked by various kinds and sizes of waterfalls and rapids, which can be considered as knick points where the basement rock is exposed. After the flow length of 20 km, the Meenachil River reaches an elevation < 80 m and flows westerly with a smooth graded profile showing very little change in gradient. Concave, convex and combination (concave-convex) profiles, representing the effect of factors like lithological variation, increased discharge/ stream action and tectonics, will help to differentiate the prominent factor responsible for shaping the stream bed and channel characteristics. An abrupt change in channel longitudinal profile characteristics indicates geological control over the stream segment. Profile characteristic variation above and below the flow distance of 20 km from the origin of the river splits the basin into 2 segments. This division is well evidenced through the presence of major faults/lineaments cross cutting the river basin. The river that flows through the upper segment region shows the maximum variation in the stream profile and presence of rapids and waterfalls of various dimensions. Recent occurrence of seismic events in the upper segment region of the river basin indicates a relatively higher effect of the tectonic process in the upper segment than the lower. The characteristic shape of the longitudinal profile nullifies the effect of lithological variation in causing such changes, because the river flows through a single (uniform) lithology (hard crystalline rock) for most of its flow length suggesting a differential effect of the tectonic process in the region. This is supported by the spatial variation in the morphometric parameters in subwatersheds with unique and uniform lithology.
Comparison of the area, drainage density, relative relief and the dissection index with the hypsometric integral (Ea) of each subwatershed was carried out to understand the relationship between watershed parameters and hypsometric characters (Fig. 8) . The area of subwatersheds and Ea show varying relationship in different orders. The 5 th order subwatersheds, which cover a large area, show a positive correlation with Ea, i. e., if the area increases, the Ea also increases (r = 0.60), whereas the 4 th and the 3 rd order subwatersheds show a weak negative correlation (r = -0.24 and r = -0.14) with no consistent relationship. At the same time, it is also noted that some subwatersheds with a lower area possess high Ea. This indicates less erosion in subwatersheds compared with others that possess a large area and a relatively high runoff. Comparison of Ea with drainage density, relative relief and the dissection index shows a positive and a negative correlation. Drainage density of a subwatershed depends on the area and the total length of drainages in that area, which indirectly gives the clues to the erosional characteristics of the region. Drainage density of the 5 th order subwatersheds shows a negative correlation (r = -0.14), whereas the 4 th order subwatersheds show a positive correlation (r = 0.37) with Ea. A similar trend with a positive correlation is also noted in the 3 rd order subwatersheds (r = 0.17), but with local clustering. Though the drainage density shows variations among the subwatersheds, comparatively high drainage density in a few subwatersheds indicates high erosion from the region. This is supported by the negative correlation observed in higher order subwatersheds. The hypsometric integral and relative relief of the subwatersheds show a negative correlation irrespective of the subwatershed order. Among this, the 5 th order subwatersheds show a distinct characteristic than the other two orders of the subwatersheds (r = -0.004). The correlation shown by the 4 th and the 3 rd order subwatersheds is -0.38 and -0.09, respectively. The higher elevation subwatersheds show a comparatively higher relative relief and lower Ea, whereas the lower elevation subwatersheds show high Ea and a low relative relief and indicate high rates of the denudation process in the upper catchment region. The Ea and the dissection index show alternating negative and positive correlations for the respective orders of subwatersheds. The 5 th order subwatersheds show a correlation of -0.41, whereas the 4 th order subwatersheds show a positive correlation (r = 0.24). At the same time, the 3 rd order subwatersheds show a weak negative correlation (no correlation r = -0.06). All these indicate the differential structural complexity of the subwatersheds in close spatial proximity. 
The hypsometric integral (Ea) and the shape of hypsometric curves are capable of revealing the geomorphic evolutional stage and the dominant denudation process operating in the subwatershed. Though the subwatersheds of different orders show varying Ea and hypsometric curves, the majority of the subwatersheds (28 numbers) possess Ea ≥ 0.30, indicating a mature geomorphic evolutional stage. The remaining 21 subwatersheds with Ea < 0.30 correspond to the old age stage of geomorphic evolution. At the same time, the characteristic concave upward pattern of the hypsometric curve, inherent of old age landforms, is not perfectly seen in the subwatersheds having Ea < 0.30. Most hypsometric curves show a combination of concave-convex shape. This indicates the dominance of geological processes rather than fluvial processes in the region and its influence over base level changes associated with uplift. On the contrary, subwatersheds categorised as in the mature stage of their geomorphic evolution show varying convexity with a threshold in the toe portion of the curve. The shape of the hypsometric curve, especially the head and toe, will assist to differentiate the landform (denudation) process operating in the area. The subwatersheds with absolute concave hypsometric curves indicate the dominance of the fluvial erosional process and those having a convex head and toe indicate the coupled effect of fluvial and diffusive processes in the catchment. The subwatersheds of the Meenachil river basin predominantly show 2 major hypsometric curve shapes corresponding to Type-I and Type-IV curves proposed by Troeh (1965) suggesting variation in landform processes operating in the near neighbourhood, such as fluvial processes and later episodes of diffusive processes in the lower catchment region or mass accumulation in the lower parts of the subwatersheds. Though the subwatersheds have more or less similar lithology, while considering the spatial occurrence of the subwatersheds, it is noted that the majority of the right bank subwatersheds are Type-I whereas those on the left bank belong to Type-IV landform processes.
A direct relationship exists between the shape of the hypsometric curve and its concavity. The measure of concavity (Eh) directly indicates the terrain condition in terms of erosivity or the area remaining to be eroded. If the hypsometric curve is close to the ordinate axis, the region is in the old age stage of its geomorphic evolution and possesses high concavity (Eh) and a low hypsometric integral (Fig. 9 ). In the Meenachil river basin, the Eh of the 5 th , the 4 th and the 3 rd order subwatersheds shows a higher negative correlation (r = -0.91, -0.94 and -0.62, respectively) with Ea. Though the correlation shown by the 3 rd order group of subwatersheds is relatively high, the majority of the subwatersheds fall in the mature or mature-to-old age transition stage of geomorphic evolution. Similarly, the subwatersheds indicating high concavity suggest the transition of the terrain to the old age stage or in the peneplanation stage of terrain evolution (Sinha-Roy 2002 , Dash et al. 2016 ). An inverse relationship is noted with concavity (Eh) and the area of the 5 th and the 3 rd order subwatersheds (-0.69 and -0.13), whereas a weak positive correlation (r = 0.14) exists for the 4 th order subwatersheds. Eh is higher in the subwatersheds belonging to Type-I curve than those of the Type-IV curves. The results of the present study, consistent with those by Sinha-Roy (2002) , suggest that watersheds with higher areas possess less incision and were controlled by the altitude distribution of the subwatersheds.
Measurements of the slope inflection point (I) and its x, y coordinates a* and h* derived from the hypsometric curves substantiate the evidences of geomorphic evolution of subwatersheds along with hypsometric integral and concavity. The a* derived for the subwatersheds varies between 0.04 to 0.5, whereas h* ranges from 0.19 to 0.46. It is also noted that high a* and h* values correspond to subwatersheds belonging to the mature stage of geomorphic evolution (Ea > 0.30), whereas the higher a* and lower h* indicate the old age (Ea < 0.30) stage of subwatersheds. This relationship is well explained in the scatter plot of a* against h*, which shows clusters indicating 2 different relationships as discussed (Fig. 9) . It gives an inverse correlation between a* and h* (-0.41, -0.56 and -0.72 , respectively, for the 5 th , the 4 th and the 3 rd order subwatersheds). Sinha-Roy (2002) suggested that the increase of a* corresponds to h* indicating the dominance of diffusive (slope dominated) processes whereas the lower h* and higher a* indicate the importance of the fluvial process in landform evolution. In general, the relationship between Ea, a* and h* can be used to classify subwatersheds on the basis of the geomorphic evolutional stage. High a* and h* return higher Ea (represent mature or youthful topography) and lower a* and h* return lower Ea (old age topography). However, in the present study, the a* and h* show a varying correlation with Ea. In the case of Ea and a*, the 5 th order subwatersheds are positively correlated indicating the dominance of diffusive processes in the subwatersheds whereas the other subwatersheds 
Conclusion
The Meenachil River, developed mostly in similar lithology, exhibits variation in channel characteristics in the upper catchment region in its longitudinal profile, which is inferred as the influence of tectonic processes. Morphometric and hypsometric parameters of the subwatersheds of the river basin indicate variation in channel characteristics in close spatial proximity, especially by high order subwatersheds (5   th   and 4 th ), compared with lower (3 rd ). Most of the subwatersheds are mature or mature-to-old age stage of geomorphic evolution with a lesser hypsometric integral (Ea ≥ 0.30) and concave hypsometric curve. Though the river basin is dominated by fluvial geomorphic processes, the hypsometric curve shape reveals 2 models of landform evolution. Landform evolution is controlled by the fluvial process in Type-1 subwatersheds, having Ea < 0.30 and located mostly in the higher elevation. An earlier stage of the fluvial process followed by later stages of the diffusive process or mass accumulation in the lower catchment region is responsible for landform evolution in Type-IV subwatersheds which are in the mature or mature-to-old age transition stage and with Ea ≥ 0.30.
Hypsometric curve concavity (Eh) and curve head (h=0.20) and toe (h=0.80) heights augment the concept of spatial variation in the hypsometric characteristics in subwatersheds. High concavity is associated with subwatersheds having a low hypsometric integral, indicating the increased denudation process caused either by fluvial action or the combined fluvial and diffusive process. Among subwatersheds, the 3 rd order group has higher concavity and a relatively high hypsometric integral, indicating mass accumulation of the material, derived by fluvial erosion and later stages of deposition, as deducted from the classification of Type-IV hypsometric curves and supported by high hypsometric toe measurements. Spatial heterogeneity in the measured parameters suggests differential response of the Meenachil river basin to tectonic processes, the major NNW-SSE trending lineament running across the study area defining the boundary of spatial variation in the effect of tectonic processes and dividing the basin into 2 segments, showing different landforms and geomorphic evolutional stages. The portion of the watershed above the flow length of 20 km is geomorphologically more active than the section below. The repeated occurrence of seismic events in the proximity confirms neotectonic activity in the region. It can be concluded that the Meenachil river basin, as a single unit, has not reached the steady state equilibrium condition and different land portions respond differently to terrain evolution and ongoing tectonic activity in the region, though lithology is almost analogous.
